phocyte activation, including secretion of interleukinThe N-terminus of rabbit Kv1.3 contains a signal se-2 and mitogen-induced proliferation of T-lymphocytes. quence which regulates expression of Kv1.3 proteins However, the molecular mechanism that mediates the in the plasma membrane. Removal of an N-terminal increase in Kv1.3 current during T lymphocyte activaregion (aa3-39) produced an increase in expressed K / tion process is still not understood.
or its associated hydrophilicity in the N terminus. The mechanism of increased channel expression is further explored by blocking endocytotic pathway with the use of a mutated dynamin and a soluble N-terminal peptide. Shaker-related K / channels are composed of four identical a-subunits, each of which contains a cytoplasmic amino terminus, six transmembrane seg-MATERIALS AND METHODS ments, a pore region, and a cytoplasmic carboxyl termiGeneration of mutant channels. A similar strategy was used to nus. These channels arise from a common ancestor and generate a series of deletion mutations D3-20, D3-27, D3-34, D3-36, can be divided into four well-defined subfamilies, D30-39, D3-42, and D3-52. Briefly, the rabbit Kv1.3 channel gene was Shaker, Shab, Shaw and Shal. One member of Shaker cloned into pBluescript (Stratagene, San Diego, CA) as previously subfamily K / channels, Kv1.3, plays an important role described (2). The polymerase chain reaction (PCR) was employed to create deletion mutations. The sense primer contained a T7 polyin development of human lymphocyte functions (1) and merase site, coding sequences for amino acid 1-2, and 20 bases flankin maintenance of renal K / homeostasis (2). Kv1.3 is ing 3 side of deletion. The antisense primer contained a polyA tail the most abundant channel in T lymphocytes. Two and additional 20 bases matching a sequence in 3 untranslated lines of evidence strongly suggest that elevation of region flanking the stop codon. PCR of 50 mL contained 1 mL temKv1.3 current is required for activation and prolifera-plate, 10 mM Tris-HCl (pH 8. The current-voltage (I-V) plots of peak currents are structs were verified by Sanger sequencing (9). D3-27* was con-shown in Fig. 1B at /60 mV were taken for comparison of expressional levels between wild-type and deletion constructs. For
Constructs for dynamin and N-terminal peptide aa1-39. Constructs for wild-type dynamin and a mutated dynamin bearing point both wild-type channel and deletion mutant D3-39, the mutation at amino acid 44 (K44A) were gifts from another laboratory peak current at /60 mV rose as the amount of injected (11). The construct for the soluble N-terminal peptide was generated cRNAs increased ( increase in cRNA concentration of mutant D3-39 did not cause saturation of peak current. At the same
Generation of cRNAs. cRNAs were in vitro synthesized using being capped (12). To test whether any variation in cap Briefly, a standard two-microelectrode voltage clamp (OC-725, War-reaction might significantly affect the expression, we varner Instrument) was used to record voltage and current from Xenopus ied the concentration of the cap analog during in vitro oocytes 2 days after cRNA injection. Oocytes were impaled with micRNA synthesis and then examined its effect on the levels croelectrodes filled with 0.5 M KCl (resistance 0.5-5 MV). The bath contained in mM: 88 NaCl, 2 KCl, 1 CaCl 2 , 1 MgCl 2 , 2.5 NaH 2 CO 3 , of K / current expression. the rest of experiments when synthesizing both wild-type and mutant cRNAs to ensure a stable expression.
RESULTS
Site-directed mutagenesis. A deletion of 36 amino acids (D3-39) at the N-terminus of Kv1.3 channel produced an increase in expressed K / current. In order to The relationship between concentration of injected cRNAs and amplitude of expressed current. We cre-precisely locate the critical amino acid residue(s) associated with the change in K / current, smaller deletions ated a deletion mutation D3-39 at the amino terminus of rabbit Kv1.3 by PCR. The mutation was generated within this segment of 36 amino acids was generated using PCR-based mutagenesis protocols (10, 13). Figin order to test if the region immediately preceding the T1 recognition domain (aa46-176) (6-8) was important ure 3C illustrated that progressive deletion at the Nterminus from amino acid 3 to 27 caused no detectable for channel function. A deletion of 36 amino acids (D3-39) resulted in a 6-to 10-fold increase in whole cell changes in whole cell currents. Further deletion to posi- tion 34 (D3-34) led to an amplification in the magnitude current can be observed between deletion mutation D3-27 and D3-34, suggesting that the segment 28G-34P is of the expressed current. Elevation in expressed current persisted in deletion mutations D3-36, D3-39, and important for regulation of channel expression. Since removal of the segment 28G-34P had no effect on cur-D3-42. Deletion mutation D3-53, however, expressed currents at a lower level than that of wild-type channel. rent expression (Fig. 3D) , some additional amino acids between aa3-27 must also be required for the regulaSince aa46-176 is known as T1 recognition site which mediates subunit multimerization during assembly of tion of K / current expression. To search for these additional amino acids, another series of deletion mutations voltage-gated K / channels (6, 7), the low expression of D3-53 can be explained by destruction of T1 recognition were constructed which started from various positions at the N-terminal side and ended at the amino acid site, which may then reduce the number of functional channel tetramers. A similar deletion at the N-termi-34P. Figure 3D illustrated that deletion constructs D20-34 and D12-34 expressed K / current at a level nus of mouse Kv1.3 was reported to decrease the whole cell currents (14) . similar to that of wild-type channel, whereas construct D6-34 expressed an amplified current at a level close From Fig. 3C , an apparent jump in the expressed K current caused by the N-terminal deletion of rabbit Peptide segment aa6-34 contained 28 amino acid res-Kv1.3 was associated with the increased number of idues which were longer than most known consensus channel proteins expressed in the plasma membrane sequences for posttranslational modifications. Indeed, of Xenopus oocyte (5). The elevation of expression of a search for consensus sequences did not reveal any channel proteins could result from increased translaobvious consensus sequence for posttranslational modi-tion, stimulated intracellular trafficking of synthesized fications (phosphorylation, glycosylation, etc.). Inspec-proteins toward the plasma membrane, or decreased tion of the primary amino acid sequence, however, endocytotic retrieval. We used a mutated dynamin identified 8 charged amino acid residues in aa6-34. (K44A) to block endocytotic process in order to examine High percentage of charged residues implicated a possi-the possible involvement of endocytosis. This construct ble involvement of charged residues in the regulation was successfully used to block endocytosis by other reof channel expression. It is possible that the elevation search groups (11). The mutated dynamin caused a of K / current caused by deletion mutations is associ-slight increase in expressed K / current (121 { 4%, Taated with removal of charged residues. A support to ble 1) when co-injected with wild-type Kv1.3 whereas this hypothesis was provided by the result that the it had no statistically significant effect on the expreseffective deletion to achieve the elevation in K / current sion of the mutant D3-39 ( Table 1) . As a control, the should include both ends of segment aa6-34, and co-effect of wild-type dynamin was examined. The wildincidentally the charged residues were mostly distrib-type dynamin had no effect on the expression of the uted at both ends of the segment (Fig. 3A ). An amino wild-type Kv1.3 or mutant D3-39 (Table 1) . acid substitution experiment was performed to replaces
Effect of excessive amount of soluble N-terminal peptwo charged residues (31R, 33E). Construct D3-27 tide. We examined the effect of excessive amount of failed to elevate the expression of K / current whereas soluble N-terminal peptide aa1-39 on K / current exconstruct D3-27* which had two less residues (31R, pression. The cRNA of the wild-type Kv1.3 was injected 33E) could increase the expression to the level of D3-into Xenopus oocytes together with the expressive 39 (Figs. 3A and 3C ). Taken together, these results amount of cRNA for soluble N-terminal peptide aa1-suggested an important role of charged residues in the 39. The oocytes co-injected with cRNAs at a ratio of regulation of channel expression. Figure 3B the same amount of cRNA for N-terminal peptide does DISCUSSION not affect the expression of another K / channel, Kv1.5 channel (101 { 9%, peak current at /60 mV, n Å 5).
The N-terminal region of Kv1.3 contains a signal sequence that regulates the expression of K / channel proThe fact that the expression of Kv1.5 channel was not reduced by soluble N-terminal peptide indicated that teins in the plasma membrane at least in rabbit Kv1. 3 (5). A deletion of 36 amino acids (D3-39) resulted in a translational apparatus in oocytes was not saturated by the amount of N-terminal peptide expressed. There-6-to 10-fold increase in the amplitude of expressed K / current (Fig. 1A) . To search for the critical amino acids fore, the decreased expression of Kv1.3 caused by excessive amount of the N-terminal peptide could not be responsible for the change in K / current, we made a variety of smaller deletions within the peptide segment attributed to a saturation of the translational apparatus by soluble N-terminal peptide.
aa3-39 and examined the effect of these deletions on
